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Abstract: Amelogenins are an intrinsically disordered protein family that plays a major role in the
development of tooth enamel, one of the most highly mineralized materials in nature. Monomeric
porcine amelogenin possesses random coil and residual secondary structures, but it is not known
which sequence regions would be conformationally attractive to potential enamel matrix targets
such as other amelogenins (self-assembly), other matrix proteins, cell surfaces, or biominerals. To
address this further, we investigated recombinant porcine amelogenin (rP172) using “solvent
engineering” techniques to simultaneously promote native-like structure and induce amelogenin
oligomerization in a manner that allows identification of intermolecular contacts between
amelogenin molecules. We discovered that in the presence of 2,2,2-trifluoroethanol (TFE)
significant folding transitions and stabilization occurred primarily within the N- and C-termini, while
the polyproline Type Il central domain was largely resistant to conformational transitions. Seven
Pro residues (P2, P127, P130, P139, P154, P157, P162) exhibited conformational response to TFE,
and this indicates these Pro residues act as folding enhancers in rP172. The remaining Pro
residues resisted TFE perturbations and thus act as conformational stabilizers. We also noted that
TFE induced rP172 self-association via the formation of intermolecular contacts involving P4-H6,
V19-P33, and E40-T58 regions of the N-terminus. Collectively, these results confirm that the N-
and C-termini of amelogenin are conformationally responsive and represent potential interactive
sites for amelogenin-target interactions during enamel matrix mineralization. Conversely, the Pro,
GIn central domain is resistant to folding and this may have important functional significance for
amelogenin.

Abbreviations: AQ-rP172, uniformly labeled *C, "N rP172 in 90% v/v UDDW, 10% v/v D,O, pH 3.8; CD, circular dichroism; DLS,
dynamic light scattering; HSQC, heteronuclear single quantum coherence; IDP, intrinsically disordered protein; rP172, recombinant
porcine amelogenin; 70-rP172, uniformly labeled '°C, "N rP172 in 30% v/v UDDW, 70% v/v 2,2,2-trifluoroethanol, pH 3.8; RC, ran-
dom coil; SSP, secondary structure propensity score; TFE, 2,2,2-trifluoroethanol; UDDW, Milli-Q pure unbuffered deionized distilled
water.
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Introduction

Mammalian tooth enamel is one of the most highly
mineralized materials of vertebrates.' The major
protein component, amelogenin, is essential for nor-
mal enamel development and forms supramolecular
assemblies (nanospheres)*® that are believed to
exert control over the mineral phase, morphology,
organization, and directionality of hydroxyapatite
crystal growth.®” Recent bioinformatics and bio-
physical studies®® have demonstrated that several
amelogenins have sequence characteristics that fit
the profile of intrinsically disordered proteins or
IDPs.>1* The existence of unstructured regions
within monomeric amelogenin have been confirmed
by solution NMR studies of two recombinant amelo-
genins, murine'® and porcine,® as well as model
peptides representing amelogenin polyproline Type
II (PPII) repeat regions.'® In the case of the porcine
species, under low pH aqueous conditions the mono-
meric form of amelogenin exists in an extended,
unfolded state.® It is suspected that intrinsic disor-
der contributes to the structure and function of
these proteins in self-assembly®15:17-22
matrix, protein—matrix, and protein—mineral inter-
actions.’®2*25 The main challenge is to elucidate

and in cell-

how intrinsic disorder affects the molecular behav-
ior and configuration of this unusual series of pro-
teins, and how amelogenin molecular behavior, in
turn, affects biomineralization within the enamel
matrix.

The current model of intrinsic disorder postu-
lates that an unfolded protein possesses regions of
disorder or residual structure that are recognized
by targets for binding.!®* In some instances, once
a given target binds to one of these regions, a con-
formational event may or may not accompany the
binding event.!* If we apply this principle to
amelogenin, then the question arises as to which
sequence regions would be conformationally attrac-
tive to potential enamel matrix targets such as
other proteins or biominerals, or, to other ameloge-
nin molecules during self-assembly. Recent NMR
studies of recombinant porcine amelogenin (rP172)
indicated that there are three primary regions that
are structurally distinct.® These are the highly con-
served N-terminus (P2-W45)%® or the proposed self-
assembly “A domain” (P2-M42),2°22 the partially
condensed, charged C-terminal domain (D155-—
D173),%2°22 and the extended Pro, Met, Gln-rich
central domain (T58-P154)%1¢ that contains the
polyproline Type II I70-P89 and P102-P145
sequence regions.? Both terminal domains exhibited
evidence of residual secondary structure,’ and
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these terminal regions may represent putative
regions for folding during amelogenin—target inter-
actions or self-assembly.?’

It is experimentally challenging to assess the
folding propensities of the three major regions of
porcine amelogenin in the presence of matrix targets
or during the self-assembly process. One of the
major reasons for this is that the enamel matrix is a
complex environment?®2°25 and the true identity
of amelogenin—specific targets, solution conditions,
and other important features are not known at pres-
ent. The other reason is that the amelogenin oligome-
rization process itself is quite complex®1%18:20-23.27
and results in the formation of high-order high-molec-
ular weight complexes that are difficult to study with
conventional structural techniques such as NMR. To
circumvent this problem, we turn to techniques and
approaches that can offer insights into the native
folding of IDPs and create conditions that mimic the
self-assembly process in a more tractable fashion.
Over the last decade, the technique of “solvent engi-
neering”®® or the use of cosolvent mixtures of water
with alcohols such as 2,2,2-trifluoroethanol (TFE)
have been employed to change the environment
around proteins and mimic certain conditions or to
promote of protein folding and self-assembly with rea-
sonable success.2®23 Thus, we chose this approach to
simultaneously achieve several goals that cannot be
accomplished by other means with IDPs like ameloge-
nin at the present time. These goals are: promote
native-like structure within amelogenin, probe disor-
der-to-order transformations within the three major
regions, and at TFE concentrations > 40% v/v?*32
induce amelogenin oligomerization in a manner that
allows identification of intermolecular contacts
between amelogenin molecules.

For the first time, we report the use of TFE/
water mixtures as an extrinsic “trigger”?® to promote
folding within rP172 amelogenin and simultaneously
promote protein self-assembly?® under conditions
that normally favor the monomeric state (i.e., low
pH, low ionic strength). These experiments reveal
that both the N- and C-terminal domains undergo
major folding transitions and form helical structures
while the central domain is largely resistant to TFE
folding. Concomitant to these events are changes in
Pro backbone conformation at select sites within
rP172, and the oligomerization of the protein via
intermolecular contacts involving the hydrogen-
bonding rich N-terminal region of the sequence.
Thus, amelogenin is an IDP species that possesses
alpha-helical folding propensities in the terminal
regions of the protein molecule, and it is the
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Figure 1. (A) CD spectra of unlabeled rP172, 0, 10, 30, and 70% v/v TFE in 50 mM Tris-HCI buffer, pH 5.5; (B) '*N-"H HSQC
overlay spectra of AQ-rP172 (green) and 70-rP172 (blue) at pH 3.8 in UDDW. HSQC spectra were obtained with 16 scans per
increment, 1024 points in o, ("H), 256 increments in ©; (*°N), and a spectral window of 12 ppm in @, and 19 ppm in 4. The size of
the spectrum was 1024 by 256 points, with zero-filling in both dimensions. Sidechain and backbone fingerprint regions are shown.

N-terminal domain that plays a role in “solvent-engi-
neered”?® oligomerization.

Results

The effect of TFE on the global conformation

of rP172

The amount of TFE required to induce maximum
folding in a polypeptide is sequence-dependent.28—33
For rP172, CD experiments performed at pH 5.8 in
the presence of TFE reveal alcohol-dependent global
conformational transitions [Fig. 1(A)]. The aqueous
rP172 sample features only a single (-) pi—pi* transi-
tion band centered at 203 nm that is representative
of a predominantly disordered protein that contains
random coil (RC) and other secondary structure ele-
ments.” However, as TFE content increases, we note
a corresponding increase in alpha-helical content as
evidenced by the emergence of pi—pi* and n—pi*
transition bands at 208 and 222 nm, respectively,’
with a maximum effect achieved at 30% TFE. This
CD dataset demonstrates that in the presence of
TFE, certain regions within the rP172 protein fold
into helical structures.

Evidence of TFE-induced global folding was also
confirmed by NMR experiments [Fig. 1(B)]l. For
direct comparison with monomeric rP172, pH 3.8, in
UDDW (AQ-rP172), we focused on the 70% v/v TFE
rP172 sample, pH 3.8 (70-rP172) since this sample
possessed significant TFE-induced folding effects
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[Fig. 1(A)] under conditions that sponsor oligomeri-
zation (i.e., TFE content > 40% v/v).25?° A direct
overlay comparison of the N-'H HSQC AQ- and
70-rP172 spectra reveals resonant frequency mis-
match arising from TFE solvent-exchange- and con-
formationally induced chemical shift effects.?®3°
Given that monomeric rP172 exists in a globally
extended conformational state,® it is not surprising
that this protein is susceptible to TFE -OH proton
exchange?®3° at NH backbone and sidechain sites.
As a result, TFE and water proton chemical
exchange significantly contribute to the differences
in 'H frequency dispersion [Fig. 1(B)]. On the other
hand, the ®No spins, being directly bonded to both
the carbonyl and alpha-carbon atoms of the peptide
backbone, are sensitive not only to solvent-induced
chemical exchange at NH sites but also conforma-
tional events brought about by the solvent-stabiliza-
tion effects of TFE alcohol binding along the poly-
peptide backbone [Fig. 1(B)].2572° Hence, based upon
the spectral difference between the AQ- and 70-
rP172 samples, we conclude that TFE has a concen-
tration-dependent effect not only on the solvent—
rP172 NH chemical exchange rates but also the
backbone conformation of amelogenin relative to the
aqueous, monomeric state.

TFE induces rP172 self-assembly at low pH
Observable backbone resonances were tabulated and
assigned for the 70-rP172 sample (Figure S1, Table

TFE-Induced Folding Propensities of Amelogenin
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Figure 2. Primary amino acid sequence of recombinant porcine amelogenin (rP172). Residue M1 is missing from the
recombinant version. Regions denoted in red represent undetected NMR resonances in the 70-rP172 SN-"H HSQC spectra.
Underlined regions denote the highly conserved N-terminal or self-assembly A domain (purple), the PPIl-containing central
domain (black), and the charged hydrophilic C-terminal domain (orange).

S1, Electronic Supporting Information, note assign-
ment protocol in table legend). A surprising finding
was the effect of TFE on the number of observable
HSQC crosspeak resonances. Relative to the AQ-
rP172 sample where only the E40, Q126, and H132
resonances are undetected,” the 70-rP172 sample
possess significantly fewer assignable HSQC cross-
peaks and we were able to assign all but 45 residues
(representing 26% of the total sequence) (Fig. 2; Fig-
ure S1, Table S1, Electronic Supporting Informa-
tion). Interestingly, the majority of these missing
residues (82%) lie within N-terminal sequence blocks
P4-H6, V19-P33, and E40-T58 (Fig. 2). From previ-
ous NMR studies of salt, Ca (II)-induced amelogenin
dimerization, it is known that the reduction in in-
tensity and attenuation of ®’N—'H HSQC crosspeaks
occur due to conformational exchange.!® Selective
loss or broadening of NMR signals was also observed
in aggregation studies involving various proteins in
buffer salt environments®* or TFE.2® Thus, the
attenuation of HSQC crosspeaks reflects TFE-
induced protein—protein interactions involving inter-
molecular contacts with residues in the P4-H6,
V19-P33, and E40-T58 regions of the N-terminus,
and to a minor extent, short sequence regions (P84—
MS86, P141, P144-P145) within the central domain
(Fig. 2, Figure S1, Electronic Supporting Informa-
tion). These interactions lead to changes in backbone
dynamics, intermediate time scale broadening, and
signal intensity attenuation of the HSQC resonances
that are involved in intermolecular contacts.®* Coin-
cidentally, the N-terminal regions T21-R31 and
Y12-I51 of mouse amelogenin underwent similar
intermediate time scale motion broadening during
counterion-induced dimerization,'® and this corre-
lates with our present findings.

Other features of the ®’N—'H HSQC spectra pro-
vide additional evidence that TFE affects rP172 pro-
tein backbone dynamics. Specifically, we note the
presence of unidentified ?’N-'H HSQC resonances
in 70-rP172 that are associated with conformational
exchange processes (Figure S1, Electronic Support-
ing Information). In AQ-rP172, 4 conformational
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exchange peaks (V54, A63, W161,T164) were
observed,? but in the 70-rP172 sample we identified
15 conformational exchange-related crosspeaks, a
three-fold increase. We believe that this alteration in
protein conformational exchange occurs in response
to a number of factors, including TFE solvent—pep-
tide backbone interactions and dynamics?®23 and
rP172 self-association.

To verify TFE-induced self-assembly, we ana-
lyzed the distribution of amelogenin particle sizes at
pH 5.5 in 0% and 10% v/v TFE (1 mg/mL rP172;
Fig. 3). Note that it was necessary to perform the
experiments at pH 5.5 and at lower TFE concentra-
tions to be able to reliably measure the hydrody-
namic radius of amelogenin monomers.}”'%27 If the
pH is too acidic, the positive charge on the surface of
the monomers can cause accelerated diffusion due to
charge-charge repulsion.'”'827 Similarly, we found
that, despite thorough mixing, TFE content > 10%
v/v increases light scattering and leads to errors in
interpretation. The introduction of 10% v/v TFE lead
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Percentage mass (%)

0 2 4 6 8 10 12 14 16 18 20

Hydrodynamic radius (nm)

Figure 3. A comparison of the size distributions of rP172 (1
mg/mL, pH 5.5, 22°C) in the absence of TFE (solid line) and
in the presence of 10% v/v TFE (dashed line). Inset figure is
a plot of Ry versus % v/v TFE showing the increase in Ry
from 3.66 to 6.04 nm. The error bars represent the skewed
polydispersity of the particles. Multiple measurements were
performed for each sample, revealing low standard
deviation values for both the 0% and 10% v/v TFE samples
(0.06 and 0.26 nm, respectively).
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Figure 4. °Co, '3CO, '*Cp random coil conformational shifts for 70-rP172. Values were determined using the NMR data
presented in Table S1 (Supplementary Information) and *C NMR random coil chemical shifts obtained from protein database
values.*®%7 Yellow stripes denote sequence regions containing three or more contiguous residues exhibiting nonrandom coil
characteristics. Regions without corresponding histogram bars represent TFE-induced relaxationally broadened resonances
(Fig. 2; Figure S1, Electronic Supporting Information). In general, (+) secondary shifts for '*Ca and '*CO indicate helical
structures whereas (—) shifts indicate a propensity toward extended conformations such as beta-strand.**” Red histogram
bars denote (+) *Co and *CO conformational shifts > 1 ppm (alpha-helix) for residues Y12-Y17, H62-A63, Q91, Q109,
L125, P127-S129, M146-M149, S151, L153-D155, L158-E159, P162-R169. Blue histogram bars denote (-) "*Co and '*CO
conformational shifts > 1 ppm (beta-strand) for residues P2, S61, Q79, P87, Q101, P105, Q110, Q113, P114, Q123, L137-
P139, P143, Q150, W161. For 'Cp, () values indicate helical conformations and (+) values indicating extended

conformations.36-3”

to an increase in the average hydrodynamic radius
of rP172 (i.e., from 3.66 *+ 1.69 nm in the absence of
TFE to 6.04 = 2.25 nm in the presence of 10% TFE).
While the percentage of polydispersity in both sam-
ples is the same (around 45%), the presence of larger
oligomers with an Ry > 8 nm increased significantly
in the 10% TFE sample. Hence, our NMR and
dynamic light scattering (DLS) data confirm that
TFE induces self-assembly of amelogenin, even at
the relatively low concentration of 10% v/v.

Localization of folding within rP172

Since oNH and ®No chemical shifts encode solvent-
related effects,!®11343% we analyzed sequence-spe-
cific backbone '*C chemical shift information (i.e.,
13Ca, 13CB, ¥CO) to identify regions which experi-
ence TFE-induced folding. We performed two analy-
ses. The first involved the calculation of 70-rP172
13C backbone conformational shifts relative to pro-
tein database values obtained for the random coil
state (Fig. 4).2437 The second involved a calculation
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of 70-rP172 3C backbone conformational shifts rela-
tive to the monomeric AQ-rP172 low pH aqueous
sample from our previous NMR study (Figure S2,
Electronic Supporting Information).® In general, (+)
secondary shifts for *Co and '3CO indicate helical
structures, whereas (—) shifts indicate a propensity
toward extended conformations such as beta-
strand.>*%37 For 13Cp, (—) and (+) values indicate
helical and extended beta strand conformations,
respectively.®36:37

If we define significant deviation in backbone
conformational shifts to be > 1 ppm®2%37 then we
can identify where significant TFE-induced folding
transitions occur within the rP172 sequence (Fig. 4,
note yellow stripes). We observe four sequence clus-
ters where consistent (4) conformational shift devia-
tions (alpha helix) involve three or more contiguous
residues: (a) Y12-Y17; (b) L125-S129; (¢) M146—
D155; and (d) L158-R169. These deviations were
mirrored in the data comparisons for 70-rP172 ver-
sus AQ-rP172 (Figure S2, Electronic Supporting

TFE-Induced Folding Propensities of Amelogenin
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Information). From our previous studies with the
low pH monomeric form of rP172, we know that
regions Y12-Y17, M146-D155, and L158-R169
adopted a random coil conformation, and, region
L125-S129 adopted a PPII conformation.” Hence,
TFE induces alpha helical folding transitions within
these regions. We also identified limited sequence
regions within the PPII central domain where (—)
CO conformational shifts were noted (Fig. 4), indi-
cating a folding transition to an extended beta
strand state in these regions. Similar phenomena
were observed in other PPII sequences, i.e., TFE-
induced loss of PPII structure.®® However, given
that only limited regions within these two PPII
domains experience TFE-induced folding transitions,
it is clear that the majority of these Pro, GIn rich
regions within the central domain are resistant to
TFE “solvent engineering,” most likely as a result of
the strong stabilization features of these
sequences.?>*°

Conformational response of Pro residues

It is known from earlier studies that TFE affects Pro
imido ring dynamics, conformation, and cis trans
interconversion.?829:3338 GQince amelogenins contain
a significant number of Pro residues (e.g., rP172 =
40 Pro, or 23% of the total sequence, Fig. 2), we
would expect a globally extended, solvent-accessible
molecule like rP172 to exhibit significant TFE per-
turbation of global Pro conformation and dynamics.
Surprisingly, this is not the case. As shown in Figure
5, we analyzed the '3Co, 13CB, and *CO chemical
shifts obtained for the 70-rP172 versus those pub-
lished for AQ-rP172 (Fig. 5).° Using the criteria of
significant conformational shift deviation to be > 1
ppm®3%37 we find that only a limited set of seven
Pro residues (P2, N-terminus; P127, P130, P139,
P154, central domain; P157, P162, C-terminus)
respond to TFE, with the largest effects observed
within the C-terminal half of this protein. Since the
Pro imido ring Ca and CB chemical shifts are sensi-
tive to polypeptide backbone conformation,3®4142 we
infer that TFE has a select effect on the conforma-
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tion of these particular prolines, but that the
remaining detectable Pro residues within rP172 are
resistant to TFE-induced conformational change.

Comparison of aqueous monomeric and 70%
v/v TFE rP172 secondary structures

We compared the secondary structure probabilities
for observable 70-rP172 sequence regions alongside
the full sequence regions of AQ-rP172,° using the
secondary structure propensity (SSP) scoring system
for IDP proteins®*® and by analyzing the '2Co and
13CPB chemical shifts (Table S1, Electronic Support-
ing Information). A SSP score of +1 or —1 at a given
residue reflects fully formed alpha-helix or beta-
strand, respectively, while a score of 0.5 indicates
that 50% of the conformers in the disordered state
ensemble are helical at that position.*® As shown in
Figure 6, AQ-rP172 does not feature any fully
formed helical or beta strand as evidenced by SSP
scores < 1. However, if we examine the (+) or (—)
SSP trend, we observe that a greater probability of

5 0% TFE

SSP

- 70% TFE

-0.8

o
<}
wn
w1
o

75 100
sequence number

125 150 175

Figure 6. Secondary structure propensity scoring (SSP) for
AQ-rP172 (0% TFE) and 70-rP172 (70% TFE). Data for the
monomeric AQ-rP172 state was taken from ref. 9. In the
70% v/v sample, sequence positions where histogram bars
are absent denote residues that experience intermediate
time scale broadening and are absent from
multidimensional NMR spectra.
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alpha helix exists within the N-terminus (I13-Y26,
N28-Y39) and limited regions of the central domain
(Q113-Q115; M146-S148) and the C-terminus
(T164-K168). Conversely, a higher probability of
beta strand is observed in P2-Y12 of the N-termi-
nus, Q49-F112; V117-P142; M149-P157 of the cen-
tral domain, and L158-P162; R169-D173 of the
C-terminus.

When we compare these structural probabilities
against those obtained for 70-rP172, we observe that
the addition of TFE leads to overall higher SSP scor-
ing (0.5 to 1.0), indicating that more stable secondary
structures are forming. Moreover, it is clear that TFE
induces a beta structure-to-alpha helical conversion
throughout the rP172 sequence, with the highest
alpha helical probabilities observed for P2-W45 and
P145-V172. Hence, our SSP calculations indicate
that rP172 molecule possesses residual beta strand
structures under monomeric conditions, and it is the
terminal regions which transform into a predomi-
nantly helical structure in the presence of TFE.

These findings also correlate with secondary
structure calculations using the *3Co and '*Cp con-
formational shifts obtained for AQ-rP172° and 70-
rP172 (Fig. 7). Where the deviations were minor
compared with the published conformational shifts
for the low pH, monomeric form (Figure S2, Elec-
tronic Supporting Information), we elected to retain
the original secondary structure classifications.®
Obviously, since a number of residues cannot be
identified due to putative intermolecular associa-
tions (Fig. 2), we consider this approach to be realis-
tic given these limitations. The main difference
between the two rP172 samples is the emergence of
alpha-helical conformation in 70-rP172, which sup-
ports the results obtained from CD TFE studies
[Fig. 1(A)] and the SSP calculations (Fig. 6). Specifi-
cally, the principle locations of TFE-induced helical
structure are within the extended beta strand
regions of the N-terminal region (Y12-Y17) and
within the random coil C-terminal region (P145-
D173). It appears that these are the sequence
regions where TFE exerts its strongest effects. Sec-
ond, we note that, with the exception of short helical
and extended beta strand structure transitions, a
significant portion of the PPII-containing central do-
main (I70-P89; P102-P145) is unaffected by TFE
content.
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Discussion

Amelogenin protein plays a critical role in control-
ling tooth mineralization and extracellular matrix
signaling activities.2*?® There are a plethora of dif-
ferent targets that engage amelogenin during bio-
such as other amelogenin mole-
6723 cell receptors,242?
and other enamel matrix proteins such as the 32
kDa enamelin.??** The ability to interact with such
a diverse array of targets may be related to the “con-
formational plasticity” of amelogenin, i.e., the tend-
ency of specific regions to adopt a specific configura-
tion when needed.®%'%* The present “solvent
engineering”®® study reveals that the primary candi-
dates of “conformational plasticity” within ameloge-
nin are the N- and C-termini (Figs. 4-7). Both
regions form unstable residual structures in water,’
but when their environments are altered by “solvent
engineering,” their structural stabilities increase
(Fig. 6), helical structures form (Figs. 4, 6, 7), and
detectable global folding occurs within the rP172
amelogenin molecule (Fig. 1). Based upon these
observations, we propose that these terminal
domains could be triggered to fold and stabilize in
response to the correct combination of target-specific
recognition and binding events. Obviously, our sol-
vent engineering experiments do not reflect the
events or conditions that exist in the enamel matrix
during biomineralization, and thus a number of
issues cannot be addressed at this time. First, we
cannot interpret conformational events that occurred
within the intermediate time scale which resulted in
loss of structural information within the N-terminus
(Fig. 2; Figure S1, Electronic Supporting Informa-
tion) and these must be addressed by other methods.
Second, given the instability of these terminal
domains in the monomeric state (Fig. 6), it is possi-
ble that, depending upon the nature of the target,
secondary structures other than alpha helix may
form in these sequences. However, once appropriate
targets are identified and experimentally probed,
these secondary structure features will be estab-
lished. Finally, based upon our current understand-
ing of IDP molecular behavior and the persistence of
functional, unfolded domains after target binding,%~1*
the fact that the rP172 amelogenin terminal
domains can fold does not mean a priori that they
will fold for every target that they potentially bind

mineralization,
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with. Thus, true binding—folding relationships must
be addressed on a case-by-case basis.

Our studies also shed light on the important
role that Pro residues play in the folding propensity,
conformational exchange, and stability of rP172. On
the basis of our TFE experiments, we can categorize
rP172 Pro residues into two groups. The first group
are the large subset of Pro residues which do not
conformationally respond to TFE. These Pro resi-
dues primarily reside within the conformationally
extended Pro, Gln-containing PPII central domain of
rP172 (i.e., I70-P89; P102-P145; Figs. 4-7). Here, it
is clear that these Pro groups only experience minor
TFE-induced folding transitions. We believe that
these Pro residues act as conformational stabilizers
and offer improved resistance to TFE-induced fold-
ing.3%%% This resistance to folding may play a role in
the function of the PPII containing central domain
within rP172, such as the participation in intermo-
lecular contacts that lead to self-assembly at appro-
priate protein concentrations, or, facilitate the fold-
ing and/or stabilization of the adjacent N- and C-
termini.>®%4%4% The second group of Pro residues
are a limited subset (P2, P127, P130, P139, P154,
P157, P162), which exhibit significant conforma-
tional sensitivity to TFE (Fig. 5). Previous studies
have shown that Pro residues can experience cis-
trans interconversion or function as a molecular
‘hinge”  within  polypeptide sequence  seg-
ments®144245 and that TFE affects these parame-
ters 28293338 Hance, this responsiveness to TFE
indicates that this second group of Pro residues act
as folding enhancers and play an important role in
the structure and dynamics® 414245 of the intrinsi-
cally disordered protein, rP172. These Pro residues
may also be responsible for the increased level of
conformational exchange observed in the 70-rP172
sample relative to AQ-rP172 as evidenced by the
presence of additional HSQC crosspeaks in 70-rP172
(Figure S1, Electronic Supporting Information).’?
Although we cannot yet identify which sequence
regions of rP172 exhibit conformational exchange or
what conformational states they are sampling, we do
intend to explore this further in future studies.

The “solvent engineering” approach?® also pro-
vides insight into which amino acids participate in
the alcohol-induced rP172 oligomerization process
(Figs. 2 and 3). We know that TFE weakens protein-
protein hydrophobic interactions and promotes inter-
and intramolecular hydrogen bonding.283% As shown
in Figure 2, the N-terminal P2-W45 sequence region
contains a significant number of hydrogen bonding
donor-acceptors such as Tyr, Asn, Ser, Tyr, His, and
Arg. Interestingly, it is these residues that comprise
the “missing” regions of the rP172 HSQC spectra
(Fig. 2) that experience intermediate time scale
broadening and signal intensity losses. Note that
this phenomenon does not occur within the C-termi-
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nal domain (Fig. 2). Thus, we propose that the TFE
induction of amelogenin oligomerization is initiated
by intermolecular sidechain—sidechain hydrogen
bonding interactions involving the Tyr, Asn, Ser,
Tyr, His, and Arg residues of the N-terminal P2-—
W45 region. In turn, these interactions lead to
relaxational broadening and the loss of correspond-
ing HSQC signals. Obviously, residues within the
P2-W45 region which do appear in the HSQC spec-
tra (Fig. 2) correspond to fast time scale motion of
amino acids that are not directly involved in TFE-
induced intermolecular sidechain-sidechain contacts
within the N-terminal region of rP172 oligomers. It
will be interesting to learn if intermolecular side-
chain hydrogen bonding is also operant during ame-
logenin oligomerization in aqueous environments as
well.

Finally, we wish to place the present work
within the context of previous studies of counterion-
induced mouse amelogenin dimerization.’® It was
observed that NMR resonances for T21-R31 and
Y12-151 within the N-terminal region underwent in-
termediate time scale broadening during dimeriza-
tion, leading to the loss of specific NMR signals, and
it was suggested that these sequence regions are re-
sponsible for initiating assembly.'® Interestingly,
these counterion-sensitive regions correlate well
with the TFE-induced peak broadening effects that
were observed for P4-H6, V19-P33, and E40-T58 in
rP172 (Fig. 2). Thus, both studies now implicate the
N-terminal sequence (the self-assembly A domain)
as a site for interprotein contact during in vitro-
induced self-association. The counterion-induced
also reported amide peak
broadening for residues within the conserved C-ter-
minal region (L141-T171) at higher counterion con-
centrations, suggesting that this domain also partici-
pates in assembly.!® However, this peak broadening
effect was not observed for the rP172 C-terminal do-
main in the presence of TFE (Fig. 2). From this, we
conclude that counterions can trigger both N- and C-
terminal domain protein—protein interactions, but
TFE only promotes N-terminal domain interactions.
These results are very intriguing, for they show that
“solvent” or “ionic” engineering leads to different
effects on the intrinsically disordered conformation
and assembly of amelogenin. We intend to follow up
on this premise in subsequent work.

dimerization studies

Materials and Methods

Production of recombinant porcine amelogenin
and NMR sample preparation

Uniformly labeled '3C, '°N recombinant porcine
amelogenin [U-3C, '°N rP172] was expressed in
Bio-Express Cell Growth Media (U-*3C, 98%, U-°N,
98%, Cambridge Isotope Laboratories, Lowell, MA)
using Escherichia coli strain BL21-codon plus (DE3-
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RP, Stratagene, La Jolla, CA) and purified by ammo-
nium sulfate precipitation and reversed phase HPLC
as previously described.® An unlabeled form of
rP172 was also expressed for CD and DLS
experiments.

The lyophilized U-13C, N rP172 was used to
create two different NMR samples, each 75 micromo-
lar in 300 pL volume. The first, designated as “‘AQ-
rP172,” was created by dissolving an appropriate
amount of U-2C, °N rP172 in Milli-Q pure unbuf-
fered deionized distilled water [90% v/v UDDW/10%
v/v Dg0 (99.99 atom% D, Cambridge Isotope Labora-
tories, Lowell, MA)]. This sample is identical to the
one utilized in earlier studies of the monomeric low
pH form of rP172 and gives rise to a **’N-'H HSQC
spectra that exactly matches the earlier sample.®
The second, designated as “70-rP172”, utilized U-'3C,
15N rP172, UDDW, and an appropriate volume of
Ds-2,2,2-trifluoroethanol (—OH, —CDy— form, 99.9%
atom D, Cambridge Isotope Laboratories, Lowell,
MA) to make a 70% v/v TFE/30% v/v UDDW rP172
sample. For NMR experiments we utilized the
—CDy. —OH form of TFE which allows hydrogen
exchange between the alcohol proton, water protons,
and exchangeable NH backbone and sidechain pro-
tons on the rP172 molecule. For all NMR samples,
after mixing of components the pH was checked
with a microelectrode and adjusted with microliter
volumes of HCI to a final pH of 3.8. Monitoring of
sample pH was performed periodically between
experiments and it was found that the sample pH
remained stable near 4. Samples were placed in 5
mm symmetrical DoO-matched Shigemi NMR micro-
tubes (Shigemi, Alison Park, PA). No visible aggre-
gation/degradation was evident, as verified by peri-
odic recording of ®’N—-'H HSQC experiments.®

Circular dichroism spectroscopy

Far UV-CD spectra (260-190 nm) of unlabeled rP172
was recorded on a Jasco J-810 spectropolarimeter af-
ter calibrating the instrument with (-) camphorsul-
fonic acid. The instrument optics were flushed with
Ny gas at a flow rate of 20 L/min. For TFE experi-
ments, rP172 was dissolved in cold 50 mM Tris-HCI
buffer at pH 5.8 and refrigerated overnight. The so-
lution was then aliquoted to yield 5 micromolar
rP172 in the same buffer or appropriate TFE : water
ratio (0, 10, 30, 70% v/v) (99.8%, Acros America). For
each spectrum, a total of four scans were recorded,
averaged, and baseline subtracted. Where appropri-
ate, buffer and TFE subtraction were performed for
rP172 samples. All of the TFE experiments were
conducted at 25°C using 0.1 cm path length stop-
pered quartz curvettes.

NMR experiments

Following the protocol utilized in our earlier NMR
study of monomeric rP172, we utilized low tempera-
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tures (10°C) to slow down protein backbone confor-
mational exchange? and minimize aggregation in
rP172 samples.?3* Protein NMR experiments were
conducted on the two labeled rP172 samples using a
Bruker AVANCE 800 MHz NMR spectrometer
equipped with a triple resonance HCN 5 mm cryop-
robe. For the 70-rP172 sample, protein backbone se-
quential assignments were obtained using an array of
multidimensional NMR experiments (HSQC, HNCA,
HNCO, HNCACB, HNCACO, HNCOCA).* 3% For
the AQ-rP172 sample, ®N—'H-HSQC experiments
were performed to qualitatively compare the 'H and
5N NMR backbone resonance dispersion®® relative
to the 70-rP172 sample and to previously published
NMR datasets obtained for monomeric AQ-rP172.°
NMRPipe software (National Institute of Health, Be-
thesda, MD) was used to process all NMR data and
NMRViewd (version 8.0.b21 with Java 1.6.0_17, One
Moon Scientific, Newark, NJ) was used for sequen-
tial assignments. Sparky (SPARKY 3, University of
California, San Francisco, CA) was used for spectra
visualization. The spectra were referenced with
respect to the temperature-corrected water reso-
nance and °C and '°N chemical shifts were refer-
enced on the basis of the 'H IUPAC guidelines using
the unified chemical shift scale.*® Using NMRViewd,
an input file for calculating the dihedral angle was
generated with the respective *Co, 13CB, 1300, Ny,
chemical shifts and phi, psi backbone torsion angles
for each residue in the 70-rP172 sample using the
TALOS program. Using the *Co and ®*Cp chemical
shifts obtained for 70-rP172 and the corresponding
published values for AQ-rP172,° we calculated the
SSP score® for these samples. The *Co and *Cp
chemical shifts were internally re-referenced for
both data sets.

Dynamic light scattering measurements

DLS was performed at 10 and 22°C using a Wyatt
DynaPro Nanostar (Santa Barbara, CA) light scat-
tering instrument. The unlabeled 0% v/v TFE rP172
sample was prepared by diluting 40 pL of unlabeled
rP172 stock in UDDW water (2.5 mg/mL) with 10
uL of UDDW water and 50 pL of sodium acetate
buffer (50 mM, pH 5.5). This resulted in a 1 mg/mL
solution of rP172 in 25 mM sodium acetate pH 5.5.
For the 10% v/v TFE rP172 sample, 10 uL. of TFE
was introduced to the stock solution instead of 10 pL
of water. The results shown in Figure 3 were col-
lected at 22°C, but similar results were obtained at
10°C. The viscosity and refractive index of the TFE:-
water mixtures were determined from literature val-
ues.*”*® Efforts to measure 30% and 70% v/v TFE
rP172 samples were hindered by the background
scatter of those binary solvent mixtures. The data
were analyzed using Dynamics 7.0 software and
were produced by the program performing a regula-
rization fit using the Dynals algorithm on the
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resultant autocorrelation functions. A Rayleigh
sphere model was used for the analysis meaning
that the hydrodynamic radii calculated were sphere-
equivalent radii. By measuring the fluctuations in
the laser light intensity scattered by the sample,
the instrument is able to detect the speed (diffusion
coefficient) at which the particles are moving
through the medium. This value is converted to
hydrodynamic radius (Ry) using the Stokes-Einstein

relation:*?

kT
b= 6mnRy

where D is the diffusion coefficient, 2 is the Boltz-
mann constant, 7" is the absolute temperature, n is
the viscosity, and Ry is the sphere-equivalent hydro-
dynamic radius.*’
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